Quorum Sensing and type III secretion system play an important role in the virulence of Pseudomonas (P.) aeruginosa in burn wound infections. We aimed to explore the feasibility of using 3-oxo-C 12 -HSL-r-PcrV conjugate as a candidate vaccine against P. aeruginosa caused infections. 3-oxo-C 12 -HSL-r-PcrV conjugate was prepared and used for immunization of mice (10 μg, subcutaneous, three times, at 2-week intervals). Mice were divided into five groups: I: PcrV; II: 3-oxo-C 12 -HSL-r-PcrV (10 μg); III: 3-oxo-C 12 -HSL-r-PcrV (20 μg); IV: 3-oxo-C 12 -HSL; and V: PBS receiving groups. After each shot of immunization, total and isotype antibody responses against corresponding antigen were measured to determine the immunization efficacy. One month after the last immunization, all groups were burned and challenged subeschar with P. aeruginosa PAO1. Survival rate and bacterial quantity in the skin and internal organs (liver and spleen) were evaluated 25-hr after burn infection. Immunization with 3-oxo-C 12 -HSL-r-PcrV significantly increased total IgG and specific subclass antibodies (IgG1, IgG2a, IgG2b, and IgM) in the serum of the groups II and III compared to the control group (p<0.001). While all the control mice (PBS injected group) died within 2 days after bacterial challenge, 64% of the group I, 78% of group II, and 86% of group III, survived within 14 days after challenge. Interestingly, bacterial burden in the liver and spleen of 3-oxo-C 12 -HSL-r-PcrV injected group (III) was significantly lower than the control group (P < 0.001). The present study proposed two-component vaccine to inhibit Pseudomonas infections in burned mouse.
INTRODUCTION
Burns are one of the most common and debilitating forms of trauma that predispose patients to infection with Pseudomonas (P.) aeruginosa, as a result of damage to the protective skin barrier and suppression of the host immune system [1] . In most cases, these infections may lead to systemic sepsis, which is often associated with a high degree of mortality. Statistical studies have indicated that approximately 10% of burned patients are infected with P. aeruginosa and up to 80% of them die from the consequent septicemia. Therefore, patients with severe burn wounds require immediate intensive care [2] . In most cases, the treatment of burn wounds infections caused by P. aeruginosa is very difficult even under prolonged antibiotic therapy [3] . Resistance to treatment is mainly attributed to intrinsic resistance of this pathogen against a wide range of antibiotics and its ability to survive under harsh conditions [4, 5] . This fact has promoted use of serum therapy instead of antibiotics for prevention and treatment of post-burn infections caused by P. aeruginosa among high-risk populations like welders and firefighters [6] . During the last decades, various studies have been conducted on the pathogenesis of P. aeruginosa infections in burn wounds, in order to discover efficient virulence-associated factor as an immunogenic agent against this pathogen. P. aeruginosa produces a wide variety of virulence factors, such as pili, flagella, alginate, pigments, proteases, and exotoxins. Synthesis of these factors is regulated by a cell-to-cell signaling mechanism referred to as quorum sensing [7] . This mechanism enables bacteria to sense their environment and turn on/turn off the genes coordinately, in a density-dependent fashion through the production of small diffusible molecules called autoinducers [7, 8] .
P. aeruginosa primarily produces two autoinducers: N-butanoyl-L-homoserine lactone (C4-HSL) and N-3-oxododecanoyl-L-homoserine lactone (3-oxo-C12-HSL) [9] . Expression of autoinducers along with the proper functioning of quorum sensing system components (LasRI and RhlRI) leads to synthesis and regulation of virulence factors that directly contribute to the colonization and dissemination of the Pseudomonas in burn/wound infections. Microarray analysis shows that expression of more than 616 genes involved in the pathogenesis of this bacterium are directly or indirectly regulated by these systems [10] [11] [12] [13] .
Among these, the genes associated with lipopolysaccharides (LPS), cell wall, multi-drug efflux pumps, protease, exotoxin A, hemolysin, type II secretion system, attachment, motility, chemotaxis and biofilm formations, are more interesting [12, 13] .
Recent progress in quorum sensing research has demonstrated that 3-oxo-C 12 -HSL induces apoptosis in macrophages and neutrophils [14] . These findings suggest that autoinducer molecules are not only important in the expression and regulation of bacterial virulence genes, but also interact with eukaryotic cells and modulate immune responses [15] [16] [17] . Other studies have shown that quorum sensing mutant strains of P. aeruginosa significantly lose their pathogenic potential compared to wild strains in burn wound infections [12] .
Quorum sensing systems have introduced a new area in designing and developing novel types of vaccines against P. aeruginosa [18, 19] . Specifically, blocking autoinducer molecules by using active and passive immunization has been identified as a promising strategy for the treatment of P. aeruginosa. Anti-autoinducers antibodies (anti-HSLs) can bind to these molecules and prevent their reaction with eukaryotic cells or contact with their receptors and then re-enter into the bacterial cells for activating transcription regulators of the virulence genes [20] . On the other hand, it seems that quorum sensing system is also involved in regulation and expression of the type III secretion system (T3SS) [21] . T3SS allows direct delivery of several toxic proteins (effectors) into the cytosol of the eukaryotic target cell [22, 23] . The PcrV protein (also known as V antigen) is a part of this system that plays a unique role in type III secretion system. Previous studies have revealed that active and passive immunization against PcrV can increase survival in animal models of the burn wound and lung infections induced by P. aeruginosa [24, 25] . In this study, for the first time, we developed a bivalent antigenic composition by using PcrV protein and 3-oxo-C 12 -HSL and investigated the feasibility of using this conjugate molecule as a prophylactic vaccine against Pseudomonas-induced burned/wound infections. We also examined the potential of immunization with 3-oxo-C 12 -HSL-r-PcrV protein conjugate in promoting the immune response against Pseudomonas infection in comparison r-PcrV protein alone. In addition, we explored the protective effect of specific antibody against 3-oxo-C 12 -HSL-r-PcrV conjugate on local and systemic spread of P. aeruginosa in skin, liver and spleen of burned mouse models following burn/wound infection.
MATERIALS AND METHODS
Bacterial strains and culture conditions P. aeruginosa strain PAO1 was used for the challenge and in vivo experiments (Pasteur Institute, Iran). Escherichia (E.) coli strains DH5a and Bl21 (DE3) (Novagen Co., Wisconsin, USA) were used for clone and expression of recombinant PcrV protein (r-PcrV), respectively. Luria-Bertani (LB) broth, agar (Merck Co., Germany) and Pseudomonas Selective Agar were used for the bacterial culturing.
Recombinant PcrV expression and purification First, recombinant PcrV was cloned and expressed as a histidine-tagged protein. The following primers were designed and used in the cloning process: Forward primer, containing a restriction site for BamHI (5´-ATGGATCCGAAGTCAGAAACCTTAATGC-3´) and reverse primer with HidIII restriction site (5´-GGCAAGCTTGTAGATCGCGCTGAG-3´).
The purified pcrV fragment was cloned into the pET24a plasmid, expressed in E.coli Bl21 (DE3) and product protein purified by nickel affinity chromatography according to the manufacturer' s instructions. The protein was extracted into the phosphate buffer and stored at -70 ºC until the use. The absence of detectable levels of endotoxin in the final solution was verified by a Limulus amoebocyte lysate assay, following the purification process [26] .
Preparation of 3-oxo-C 12 -HSL-r-PcrV conjugate Conjugation was carried out and confirmed according to the previous studies [27, 28] . Functionalized carboxyl-HSL (N-(12-(3-Carboxypropionyl) oxy-3-oxododecanoyl) HSL) was synthesized as a hapten according to the method described by Horikawa et al. [29] . The hapten was then conjugated to the recombinant PcrV (carrier protein) using activated ester method by Hosoda et al., [30] . In this regard, hapten (1 mg) was dissolved in 250 µl of dimethyl formamide (DMF). Solutions of both N-hydroxysuccinimide (NHS) in DMF (1 mg/mL) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (2 mg/mL) in 100 mM carbonate buffer (pH 8.2) were then added to the dissolved hapten solution and mixed well. The resulting solution was stirred at 18-24 °C for 6 hours. The PcrV was diluted to a concentration of 2.2 mg/mL in 100 mM carbonate buffer with pH 8.2. The hapten solution was then added to the protein solution and incubated at 25 °C for 3-4 hrs.
Afterward, the resulting mixture was subjected to dialysis against the saline solution and stored in -20 °C until use. The hapten was also conjugated with bovine serum albumin (BSA) in a similar manner to the immobilized antigen [27] [28] [29] [30] .
Mice and bacteria
Six to eight weeks old female BALB/c mice were obtained from Pasteur Institute of Iran. All mice were housed (one week) in specific pathogen-free conditions within the animal care facility. Following that, mice were divided into five different groups (n=14) with the following characteristics: Group I: r-PcrV-injected group: (10 μg in 0. 
Immunization
A concentration of 0.2 mg/mL, of a relevant immunogen in PBS, (0.4 mg/mL for group III) was prepared and mixed with equivalent ratio (1:1) of Complete Freund' s adjuvant (Sigma, Saint Louis, MO, USA). Finally, 0.1 mL of this solution (containing 10 μg of relevant immunogen in all group and 20 μg for group III), was used for each injection. On day zero, the groups of mice were immunized subcutaneously, behind the neck, with the relevant immunogen. Immunization procedure was performed according to the specific schedule ( Figure 1 ). Booster doses were prepared, the same way as the primary injection condition in PBS, and mixed with an equivalent ratio (1:1) of incomplete Freund' s adjuvant. Two weeks after each shot of immunization, mice were bled via the retro-orbital sinus and the sera were separated and stored at -20 ºC for future analysis ( Figure 1 ).
IgG total antibodies
Optimized indirect enzyme-linked immune sorbent assay (ELISA) was used two weeks after each shot of immunization to examine the presence and alteration of total specific antibodies against relevant immunogen in sera of each group. ELISA immunoplates, were coated with 100 μL of 10 μg/mL of relevant immunogen diluted in PBS buffer (1 μg/well) and incubated overnight at 4°C (For group IV, immunoplate was coated with 3-oxo-C 12 -HSL-BSA conjugate).
After washing and blocking process, the plates were washed and then 100 μL of (1/100 to 1/204800) diluted sera in blocking buffer (PBS-Tween 20 containing 5% BSA) added into the each well as primary antibody, followed by incubation at 37 °C for 2 hr. In the next step, wells were washed three times and incubated with the HRP-conjugated anti mouseIgG antibody (Sigma, USA) (diluted 1:7000 as the secondary antibody) at 37°C for 2 hr. After five times washing, the wells incubated 30 min with 100 μL TMB (tetramethylbenzidine) as the substrate in darkness. The enzymatic reaction was stopped by adding 100 µl of H 2 SO 4 (2N). Optical density was read at 450 nm (OD 450). All tests were performed in triplicate for each serum sample [31, 32] .
IgG isotypes and IgM
Two weeks after the last immunization, groups of mice were bled and individual sera were tested for existence of anti-immunogen specific subclass IgG 1 , IgG 2 a, IgG 2 b and IgM antibodies by using indirect-ELISA, as described by the manufacturer instructions (R&D Systems, USA) [31, 32] .
Antigenic effect of 3-oxo-C 12 -HSL after conjugation
We designed the experiment to confirm the antigenic effect of 3-oxo-C 12 -HSL after conjugation. ELISA Immunoplates were coated with 100 μL of 10 μg/mL of 3-oxo-C 12 -HSL-BSA peptide diluted in PBS buffer (1 μg/well) and incubated overnight at 4°C. After washing and blocking process, 100 μL of 1:100 diluted sera (second booster) from each group (in blocking buffer) were added to each well and incubated at 37°C for 2 hrs. After washing step, HRP-conjugated anti mouse-IgG antibody (Sigma, USA) diluted 1:7000 was added and incubated at 37 °C for 2 hrs. After five times washing, immunoplates were incubated 30 min with 100 μL TMB (tetramethylbenzidine) as the substrate in darkness. The enzymatic reaction was stopped by adding 100 ml of H 2 SO 4 (2N). Optical density assessment was performed at 450 nm (OD 450). This method can confirm and reveal the efficacy of conjugation process [27, 28] .
Thermal injury model
Thermal injury model was induced according to the method developed by Stieritz and Holder [25, 31] with slight modifications. Accordingly, 30 days after the last immunization, female BALB/c mice were anesthetized (IP injection) with a mixture of ketamine hydrochloride (100 mg/mL, Alfasan Woerden-Holand) and xylazine (20 mg/mL Alfasan Woerden-Holand) in distilled water. The back hair of mice was shaved (2.5×2.5 cm), then a flame resistant plate was put on the unshaved area, and uncovered area was subjected to an ethanol flame for 20 s to complete thermal injury process (12-15% of total body). Immediately, after burning process, 0.5 mL of sterile saline solution was administered intraperitoneally into the burned skin. The burn model was used in this experiment is of grade 3, partial-thickness and non-lethal [25, 31, 33, 34] .
Bacterial challenge and survival assessments
The survival rate of a burned mouse model against a lethal dose of P. aeruginosa PAO1 was investigated to evaluate the protective efficacy of produced antibodies in each group against P. aeruginosa infection. Previous studies revealed that thermal injury causes immune suppression and reduces the lethal dose of P. aeruginosa from 10 6 CFU to 10 2 -10 3 CFU in these models [31] . For the bacterial challenge, P. aeruginosa PAO1 was grown overnight on brain-heart infusion broth (BHI). Fifty-one hundred ml of 24 h culture was transferred into the 5 mL BHI broth under agitation (200 rpm) at 37 ºC and incubated for 3-4 hrs to reach favorite optical density (OD of 0.2 at 620 nm). Next, bacterial cells were harvested by centrifugation and resuspended in 10 mL of sterile saline solution, followed by preparation of serial dilutions (10 -1 -10 -10 fold). The number of bacteria in injected inoculate, was counted by plating 100 mL of each dilution onto MacConckey agar plates. Inoculums of 5-6×10 2 CFU (3 folds higher than LD 50 ) were used and administered in 100 mL volume subeschar immediately after thermal injury process in burned site. A new group was defined in this section that contained only burned models without the challenge as witness group. Animals were monitored for survival twice a day up to 14 days [25, 33, 34] .
Bacterial burden in skin and internal organs
This test was done to examine the efficacy and effectiveness of the produced antibodies, in inhibiting the distribution of P. aeruginosa PAO1 from the infected wound to internal organs. To this end, 25 hrs after challenge (post burn/infection) four mice of each defined groups were selected arbitrary and sacrificed. Following that, a biopsy of their burned skin and surrounding edges of non-burned skin (2×2 cm), spleen, and liver were prepared in aseptic conditions. Afterwards, each biopsy sample was weighed and homogenized in PBS (2 mL), by using a Sorvall Omni mixer (Ivan Sorvall, Inc, Norwalk, Conn.). For bacterial counting, serial dilutions (10 -1 -10 -4 fold) of homogenates were prepared in PBS. Next, 100 µl of each diluted suspension were cultured in triplicate on Pseudomonas selection agar plates (Merck, Germany). The plates were then incubated at 37ºC and the number of CFUs was counted after 24-48 hrs after the culturing process. Results were expressed as log 10 CFUg -1 of wet weight for infected organs [25, 33, 34] .
Statistical analysis
All data were expressed as the mean ±S.D. Data were analyzed using one-way analysis of variation (ANOVA) and student' s t-test. A p<0.05 was considered statistically significant [31, 32] . All statistical analyses were carried out using SPSS Version 17 Software Package.
RESULTS

Antibody responses
The total antibody titration results revealed that all experimental groups except group IV and V were able to produce specific antibodies against relevant immunogen (Figure 2 ) and the highest antibody titer were detected after third immunization (second booster) in all of them ( Figure 3) . As it is shown, the serum of mice treated with 3-oxo-C 12 -HSL alone showed no meaningful variation in antibody titers compared to control mice serum. On the other hand, as expected, immunization with 3-oxo-C 12 -HSL-r-PcrV conjugate (groups II and III) strongly induced high level of antibody response Compared with the control group (p<0.001) (Figure 3) .
In this investigation, 3-oxo-C 12 -HSL-r-PcrV was used with different concentration: 10 and 20 μg/mouse for immunization of mice in group II and III, respectively. Obtained results indicate that there was a remarkable increase in titers of specific anti-3-oxo-C 12 -HSL-r-PcrV antibodies in sera of group III in contrast to group II.
Identification of antibody isotypes
To determine the type of immune responses (cellular or humoral immunity), the existence of specific antibody isotypes (IgG 1 /IgG 2 a/IgG 2 b) and total IgM were evaluated. The isotype responses in each group are represented in Figure 4 . These data display a functional response of the humoral immune system in all immunized groups, except group IV, compared with the control group (Figure 4 ).
Antigenic effect of 3-oxo-C 12 -HSL after conjugation
This experiment was done to confirm that conjugation process could convert hapten (HSL) to an active immunogen. As shown in Figure 5 there were significant differences in titers of total IgG antibodies against 3-oxo-C 12 -HSL between groups II and III (AHL-conjugated groups) and other groups (p<0.001). Interestingly, in our results immunization with HSL alone (group IV, AHL injected group) was not able to induce antibodies against hemoserine lactone ( Figure 5 ).
Survival rate
To evaluate the protective efficacy of the induced antisera against P. aeruginosa in each group, the survival rate of burned mouse model against the lethal dose of P. aeruginosa PAO1 infection was investigated and mortality in all groups were followed-up for 14 days. As shown in the Figure 6 the highest survival rate among the defined groups belongs to the Group III, and this level of survival was significantly greater than the survival rate observed for the group I (none conjugated) (p<0.001).
Finally, as shown in Figure 6 , all mice in group IV and V died, and there was no protection effect observed in these groups, following the immunization.
Bacterial burden
This part of the experiment was designed to evaluate the efficiency of produced antibodies in each group to inhibit the local and systemic spread of bacteria from infected burn wound to internal organs in burned/infected mice.
Our results indicate that the produced antibodies against 3-oxo-C 12 -HSL-r-PcrV significantly decrease bacterial titer in the liver and spleen of the immunized mice in groups II and III compared to the control group. By contrast, no significant difference was identified in bacterial load between these groups in skin samples ( Figure 7) .
Finally, these data suggests that anti 3-oxo-C 12 -HSL-r-PcrV antibodies play a crucial role in inhibiting the systemic spread of P. aeruginosa PAO1 from the infection site into the internal organs.
DISCUSSION
Severe burns cause damage to the protective skin barrier and overall immune system, and replace healthy skin with moist, protein-rich, avascular eschar. These conditions facilitate colonization of P. aeruginosa in burned wounds to high densities, potentially inducing high rate of infection-related morbidity and mortality [25] .
After the initial colony formation, P. aeruginosa multiplies rapidly within the necrotic tissue and spreads locally within the burned skin. Once the number of bacteria reaches a threshold level within the burned skin, they disseminate into the bloodstream, causing septicemia [33, 34] .
Despite the recent advances in surgical care and introduction of a wide variety of antimicrobial agents with anti-Pseudomonal activities, life threatening infection caused by this bacterium is still a common complication among burned patients [34] .
Statistical studies indicate that this infection is associated with a high rate of mortality in burned patients. Therefore, these patients require immediate intensive care [2, 25, 31] .
The main purpose of this study was to evaluate the feasibility of using r-PcrV and 3-oxododecanoyl-L-homoserine lactone conjugate as a candidate vaccine against P. aeruginosa induced infections. In addition, it investigated the role of r-PcrV-HSL conjugate in promoting poly-isotypic humoral immune response in burned mouse models. Our designed immunogen is composed of two parts: r-PcrV and 3-oxododecanoyl-L-homoserine lactone. Both virulence factors are essential for Pseudomonas pathogenesis cycle in burned/wound infections. Hence, this study attempted to demonstrate the protective effect of anti-PcrV and anti-HSL antibodies against P. aeruginosa PAO1 in the burn/wound infections.
Previous studies have revealed that type III secretion system plays a vital role in Pseudomonas burn infection. This system can help P. aeruginosa to escape from phagocytes. Moreover, type III secretion system injects effector proteins and toxins directly into the adjacent eukaryotic cytosol across the eukaryotic plasma membrane and facilitates the spread of this bacterium into the bloodstream, causing septicemia [35, 36] .
So far, four type III secretory effector toxins (ExoS, ExoT, ExoU and ExoY) have been identified in P. aeruginosa. PcrV protein plays a crucial role in transposition of these toxins into the eukaryotic cells [34, 37, 38] . These toxins contribute FIGURE 6 . Survival rate after challenge with P. aeruginosa PAO1. It must be noted that all mice in witness group (only burned without challenge) survived. FIGURE 7. Bacterial titer in skin, liver, and spleen: effects of produced specific antibodies on local and systemic spread of P. aeruginosa PAO1 following burn/wound infection. Data are presented in mean ± SD.
to the dissemination of P. aeruginosa throughout the patient' s body and its horizontal spread within the burned skin [39, 40] . As a result, protective antibodies against PcrV can enhance P. aeruginosa clearance in burned wound and survival of infected burn model.
Our study revealed that PcrV is one of the most effective immunologic stimulating agents of the immune system. The results of the similar study by Sawa et al., showed that PcrV immunization inhibits the chronic infection in mouse lung model [26] .
In addition, we demonstrated that immunization with r-PcrV significantly enhances the survival of mice in the burn wound sepsis model and results in a long-term protection against P. aeroginosa PAO1 strain (64% in group I, the r-PcrV injected group). Similarly, Frank et al. showed that PcrV bonded polyclonal antibodies inhibit the delivery of type III toxins and enhance the clearance of highly cytotoxic strain of P. aeruginosa during acute lung infection. We obtained similar results in burning infections [41] . Our findings showed that our designed vaccine can promote anti-PcrV antibodies and prevent the normal action of type III secretion system. Finally, various vaccines based on PcrV have shown high efficacy in prevention and treatment of P. aeruginosa infections in different mice models.
The second part of our designed vaccine is 3-oxododecanoyl-L-homoserine lactone. It is clear that P. aeruginosa produces a variety of virulence factors. The expression of the vast majority of these factors is delicately regulated by quorum sensing system [42] .
Previous studies have demonstrated that mutations in this system limit the ability of P. aeruginosa to cause systemic and local damage in the burn wound infections [43] . Obtained results in this area revealed that the bacterial quorum-sensing system, especially autoinducer molecules, can be considered as a novel candidate for vaccine development against P. aeruginosa infections.
In addition, some studies have revealed that 3-oxo-C 12 -HSL specific antibodies play a protective role in acute pulmonary infections caused by P. aeruginosa [43] . Other studies have demonstrated that 3-oxo-C 12 -HSL can act as an immunomodulator, interfering with the function of multiple different eukaryotic cells. Therefore, this molecule has a pivotal role in the pathogenesis of P. aeruginosa [12] . As molecular mass of 3-oxo-C 12 -HSL is approximately 300 Da, the natural antibodies against this molecule may not be produced in animals and humans, even the infected hosts (We observed this fact in the serum of mice treated with 3-oxo-C 12 -HSL alone; group IV). Thus, a carrier-protein-conjugated 3-oxo-C 12 -HSL is needed to produce antibodies against this molecule. In this study, we selected PcrV protein as a carrier protein. It is expected that immunization with 3-oxo-C 12 -HSL-r-PcrV can lead to a production of specific antibody against 3-oxo-C 12 -HSL in the immunized models. This new idea suggests a production of a bivalent candidate vaccine that can induce protective antibodies against both PcrV and 3-oxo-C 12 -HSL to interfere pathogenesis cycle of P. aeruginosa, by inhibiting normal function of Type III secretion system, and quorum-sensing system, respectively.
Type III secretion system and quorum-sensing system are required for the optimal virulence of P. aeruginosa in the burn infection model, which may result in sepsis and systemic inflammatory response, multiple-organ failure, and death.
The conjugation process was performed and confirmed based on the previous methods described by Miyairi et al [27, 28] . We used acyl side chain of 3-oxo-C 12 -HSL to conjugate this HSL to the carrier protein. Conjugation position is an important factor to reach the maximal activity of this bivalent immunogen. In this regard, additional experiments using a variety of techniques (e.g. direct conjugation of carrier protein to the HSL ring) are required to develop vaccine products with optimal effects.
In our experiments, specific antibodies were produced after the primary injection of 3-oxo-C 12 -HSL-r-PcrV, and the highest titers of antibodies were observed following the second, booster injection. This observation suggests that this immunogen may be considered a strong inducer of humoral immunity.
Based on the previous studies, in our study we used 3-oxo-C 12 -HSL-r-PcrV concentrations of 10 and 20 mg/mouse for immunization. We found that immunization with 20 mg/mouse of 3-oxo-C 12 -HSL-r-PcrV resulted in a higher titer of specific antibody compared to 10 mg/mouse. It is recommended to investigate different concentrations of this conjugate to assess its effects on the immune system.
In a similar study conducted by Miyairi et al [27] , 3-oxo-C 12 -HSL was conjugated with BSA to produce specific antibodies against 3-oxo-C 12 -HSL and protect mice from lethal P. aeruginosa lung infection. They indicated that to 3-oxo-C 12 -HSL specific antibody plays a protective role against acute P. aeruginosa infection, and concluded that these antibodies did not influence the bacterial titers in internal organs. On the contrary, our findings show that antibodies (group II and III) induced by our vaccine decrease bacterial titers in internal organs of the burn/wound infected mouse [27] . This observation implies that the specific antibodies against the r-PcrV in designed immunogen can reduce the amount of bacteria in internal organs.
According to previous studies, PcrV protein is a strong inducer for humoral immunity [25, 26] . Here we used this protein as carrier to convert a non-immunogen compound (3-oxo-C 12 -HSL) to an efficient immunogen. The antigenic feature of 3-oxo-C 12 -HSL after conjugation process was confirmed by ELISA method. In this method immunoplates were coated with 3-oxo-C 12 -BSA and the sera of all experimental groups were examined. Using this method we only detected the existence of specific antibodies against 3-oxo-C 12 -HSL, the second component of bivalent immunogen. Results revealed that these antibodies merely exist in 3-oxo-C 12 -HSL-rPcrV conjugated groups (II and III). Obtained results revealed the antigenic effect of 3-oxo-C 12 -HSL following conjugation.
On the other hand, based on our results, the existence of specific antibodies against r-PcrV in sera of group I, and results from previous studies [25] , r-PcrV is a strong inducer for humoral immunity. According to the terms of conjugation and feature of this protein, it is clear that its antigenic effect was preserved during the conjugation process. The existence of specific antibodies against the first part of bivalent immunogen (r-PcrV) in sera of group II and III was confirmed by ELISA method (data not shown).
Isotype antibody analysis showed that the IgG 1 was produced in higher amounts in the immunized groups as compared to IgG 2 a (groups I, II and III). This pattern of IgG 1 /IgG 2 a response indicates that although both branches of the immune system are activated, humoral immunity is the dominant immune response against P. aeruginosa in burn wound sepsis model. These data represent functional responses of the humoral immune system in all immunized groups, except group IV (HSL injected group) compared with the control group.
To study the protective effect of anti-immunogen antibodies against P. aeruginosa, survival of burn wound infected mice against the lethal dose of the P. aeruginosa PAO1 was investigated.
Survival studies demonstrated that active immunization with 10 or 20 mg/mouse of 3-oxo-C 12 -HSL-r-PcrV conjugate, enhances protection in these groups by 78% or 86%, respectively, when compared to the control group (PBS injected group). The highest survival rate was observed in the group III, and this confirmed that immunization with 3-oxo-C 12 -HSLr-PcrV provides better protection against the lethal dose of P. aeroginosa PAO1 in the burned mice. Baseline mortality rates in the groups I and II indicate that conjugated immunogen (3-oxo-C 12 -HSL-r-PcrV) decreased the mortality rate by a factor of 14% when compared with the non-conjugate immunogen (r-PcrV) with the same dose of vaccine. Similar results were obtained when comparing the group I with group III (22%). These results clearly indicate that conjugation of 3-oxo-C 12 -HSL to r-PcrV enhances the protective effect of this protein against the lethal doses of P. aeruginosa PAO1.
Obtained results also revealed that systemic spread of P. aeruginosa within the liver and spleens of burned/infected mice in the group II was significantly lower than that in the group I. This observation suggests that produced antibodies against both parts of 3-oxo-C 12 -HSL-r-PcrV immunogen have synergistic effects in preventing the spread of bacteria from the infection site to internal organs.
Our results are consistent with the findings of Rumbagh et al. who indicated that quorum-sensing systems are probably involved in the initial spread of P. aeruginosa within the burned tissue as well as its systemic spread into the internal organs [43] . The field of quorum sensing is still in its infancy. Therefore, there is a need for continued studies on the role of quorum sensing system in mediating infections and affecting host immune responses. Such studies can improve our understanding of host-bacterial interactions, and thus help developing novel treatments to these infections [43] .
CONCLUSION
Taking all together, we demonstrated that each part of bivalent conjugated immunogen can stimulate humoral immune responses to produce specific antibodies against them. These specific antibodies can prevent P. aeruginosa pathogenesis cycle in different ways and show synergistic effects (Figure 8 ). Autoinducer molecules offer valuable means to produce effective immunotherapeutic agents against P. aeruginosa.
